1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 July 01.

-, HHS Public Access
«

Published in final edited form as:
Arterioscler Thromb Vasc Biol. 2016 July ; 36(7): 1350-1355. doi:10.1161/ATVBAHA.116.307182.

Molecular characterization of the lipid GWAS signal on
chromosome 18g11.2 implicates HNF4A-mediated regulation of
the TMEM241 gene

Alejandra Rodriguez?!, Luis Gonzalez!, Arthur Kol:2, Marcus Alvarez!, Zong Miao?, Yash
Bhagat!, Elina Nikkolal, Ivette Cruz-Bautista3, Olimpia Arellano-Campos3, Linda L. Mufioz-
Hernandez3, Maria-Luisa Orddfiez-Sanchez3, Rosario Rodriguez-Guillen3, Karen L.
Mohlke?, Markku Laakso®, Teresa Tusie-Luna36, Carlos A. Aguilar-Salinas3, and Paivi
Pajukantal:2.’

1Department of Human Genetics, David Geffen School of Medicine at UCLA, Los Angeles,
California, USA 2Molecular Biology Institute at UCLA, Los Angeles, California, USA 3Instituto
Nacional de Ciencias Médicas y Nutricion, Salvador Zubiran, Mexico City, Mexico “Department of
Genetics, University of North Carolina, Chapel Hill, North Carolina, USA 5Department of
Medicine, University of Eastern Finland and Kuopio University Hospital, Kuopio, Finland €Instituto
de Investigaciones Biomédicas de la UNAM, Mexico City, Mexico ‘Bioinformatics
Interdepartmental Program, UCLA, Los Angeles, California, USA

Abstract

Objective—We recently identified a locus on chromosome 18q11.2 for high serum triglycerides
(TGs) in Mexicans. We hypothesize that the lead GWAS single nucleotide polymorphism (SNP)
rs9949617, or its linkage disequilibrium (LD) proxies, regulate one of the 5 genes in the TG-
associated region.

Approach and Results—We performed an LD analysis and found 9 additional variants in LD
(r?>0.7) with the lead SNP. To prioritize the variants for functional analyses, we annotated the 10
variants using DNase | hypersensitive sites, transcription factor (TF) and chromatin states, and
identified rs17259126 as the lead candidate variant for functional /n-vitro validation. Using
luciferase transcriptional reporter assay in liver HepG2 cells, we found that the G allele exhibits a
significantly lower effect on transcription (p<0.05). The electrophoretic mobility shift and
ChIPgPCR assays confirmed that the minor G allele of rs17259126 disrupts an HNF4A binding
site. To find the regional candidate gene, we performed a local expression quantitative trait locus
(cis-eQTL) analysis and found that rs17259126 and its LD proxies alter expression of the regional
transmembrane protein 241 (TMEMZ241) gene in 795 adipose RNAs from the METSIM cohort
(p=6.11x10797-5.80x10704). These results were replicated in expression profiles of TMEMZ241
from the MuTHER resource (n=856).
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Conclusions—The Mexican GWAS signal for high serum TGs on chromosome 18q11.2 harbors
a regulatory SNP, rs17259126, which disrupts normal HNF4A binding and decreases the
expression of the regional TMEM241 gene. Our data suggest that decreased transcript levels of
TMEMZ241 contribute to increased TG levels in Mexicans.
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Genome-wide association study (GWAS); Triglycerides; Mexican; cis-expression quantitative trait
locus (cis-eQTL); HNF4A

Introduction

Serum triglyceride (TG) levels are heritable and environmentally modifiable risk factor for
cardiovascular disease (CVD)!. Several groups have successfully utilized genome-wide
association studies (GWAS) to identify signals for TGs and other lipid traits, including high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and
total cholesterol (TC)2. However, the lead GWAS signals may not themselves be functional
rather in linkage disequilibrium (LD) with the actual underlying susceptibility variant. This
limitation in GWAS derives from the fact that the human genome is only relatively
superficially screened in GWAS using common tag single nucleotide polymorphisms
(SNPs). Furthermore, the functional variant often acts through a regional gene. Therefore,
GWASs are only a starting point and require subsequent fine mapping and functional
validation studies to identify the actual susceptibility variants and genes.

According to a recent survey, both the U.S. Hispanic men and women have higher levels of
serum TGs than non-Hispanic whites or blacks3, a result consistently reported for the last
two decades®. Recent studies utilizing Latino cohorts have successfully narrowed European
lipid loci®. Moreover, due to the higher incidence of metabolic disease in the Amerindian
origin populations, the investigation of their admixed genomes provides an opportunity to
identify Amerindian-specific susceptibility variants for complex cardiovascular traitsS.
Despite their high predisposition to dyslipidemias Hispanics remain underinvestigated as the
discovery study stage in genomic cardiovascular studies. Previously we identified a locus on
chromosome 18q11.2 associated with high serum TGs in Mexicans using GWAS®. However,
similarly to other GWAS, the functional variants and the underlying gene(s) through which
these variants exert their effects in the TG phenotype remain to be elucidated. To find the
actual functional risk variant(s), we systematically annotated the SNPs in the TG-associated
LD block with chromatin state marks and transcription factor (TF) binding events which
nominated rs17259126 as the top candidate functional variant. Its genomic landscape
harbors regulatory sites and is predicted to disrupt an HNF4A binding site. We show that the
G allele of rs7259126 reduces expression of the luciferase reporter gene in a human liver cell
line. Consistent with this result, the mobility shift and ChIPgPCR assays confirmed that the
same allele disrupts an HNF4A binding site. Replicated ¢/s-eQTL analyses also implicate
the minor G allele of rs17259126 for reduced expression of transmembrane protein 241
(TMEMZ241), suggesting TMEMZ241 as the regional candidate gene. Taken together, we
found that the TG locus on chromosome 18q11.2 harbors at least one functional variant,
rs17259126, associated with a decreased expression of the regional TMEMZ241 gene, a novel
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gene for TGs in the rapidly growing Hispanic population with a high predisposition to
dyslipidemias.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

Pairwise linkage disequilibrium analysis to identify LD proxies

In our original GWAS®, conditional association analyses at the top 12 genotyped loci did not
reveal additional independent SNPs with p<2.5x1073. To identify the full set of variants in
LD with the lead GWAS SNP rs9949617, we first performed a regional LD analysis in the
TG-associated LD block. The LD block was determined in our previous study as the region
spanning SNPs in LD of r2>0.5 with the lead SNP rs9949617°. For the LD analysis, we used
our genotyped and imputed GWAS data® and we also verified utilizing the 1000 Genomes
Project data that no additional SNP(s) inside or outside this LD block (+/- 500 kb from the
block borders) have emerged to be in LD with the lead SNP rs9949617 since our previous
study®. We found 3 genotyped and 6 imputed SNPs in LD (r220.7) with the lead SNP
rs9949617 (table 1). Two of these 10 SNPs (rs9949617 and rs4800467) were genotyped in
stages 1 and 2 of our original GWAS scan®, both resulting in p-values <5x1078. As any of
these 10 SNPs in LD can be the functional variant underlying the TG association on
chromosome 18q11.2, we first performed functional annotation followed by hypothesis
driven functional assays to uncover the functional variant in the TG-associated LD block.
We also tested the candidate variant and its LD proxies for regional effects on gene
expression among the five genes in the TG-associated LD block using a ¢/s-eQTL analysis
to investigate if the variant changes expression of a particular regional gene.

Functional genomics analysis using ENCODE data

Cis-eQTL variants often reside in regulatory elements such as transcription factor binding
sites (TFBS) and interrupt TF occupancy, leading to transcriptional changes. However
functional variants may also act through multiple other mechanisms making functional
validation studies challenging. To facilitate the identification of suitable functional assays,
we used the ENCODE data sets to give biological interpretation to the variants, and based on
their predicted functionality, we conducted hypothesis driven functional assays. TFBS often
coincide with regions of open chromatin, hence we annotated the chromatin state using
ENCODE DNase | hypersensitive sites (DHS) and histone marks in disease relevant cell
lines and control cell lines. In addition to the ENCODE biochemical annotations, we looked
for TF motif disruptions using HaploReg. We hypothesized that variants with the greatest
amount of regulatory evidence from experimental data sets and bioinformatic predictions are
more likely to be functional. Utilizing this approach, we screened all 10 SNPs (the lead SNP
and its 9 LD proxies) and selected rs17259126 as a top candidate for functional validation
because it resides in a TFBS and a likely regulatory element defined by the co-occurrence of
H3K27ac and H3K4mel. The G allele of rs17259126 is also predicted to disrupt a
hepatocyte nuclear factor 4 alpha (HNF4A) regulatory motif (suppl figure I). HNF4A is a
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known regulator of several metabolic genes’. Based on these annotations, we hypothesized
that rs17259126 resides in a TFBS and regulates expression of one of the regional genes on
chromosome 18g11.

Functional validation of candidate variants

We sought to validate our predicted functional variant rs17259126. We performed luciferase
reporter assays using engineered vectors containing a 600-bp sequence around the SNP. At
48 hrs post transfection of HepG2 cells we found that the minor allele G displays a 1.5-fold
decreased reporter expression (p<0.05) compared to the major A allele in 3 biological
replicates (figure 1). These results are consistent with the observed direction of the ¢/s-eQTL
effect (beta=-0.149, table 1) (see below). Similar assays for the lead SNP rs9949617 and
rs4800467 did not reveal significant expression changes in the luciferase assay.

To further investigate whether the variant disrupts an HNF4A motif, we performed EMSA
assays using isolated HNF4A protein (figure 2A) or HepG2 cell nuclear extracts (figure 2B)
and found evidence that HNF4A preferentially binds the major A allele of rs17259126 in
four biological replicates. We also performed EMSAs for the 9 other LD proxies variants.
No allele-specific shifts were observed (suppl figure I1). Together the luciferase (figure 1)
and EMSA (figure 2) assays suggest that HNFAA may regulate expression of a target gene
by directly binding to the rs17259126 regulatory site.

To confirm that HNF4A interacts with the variant site in HepG2 cells, we performed
chromatin immunoprecipitation followed by gPCR targeting a 71-bp (site 1) or 151-bp (site
2) sequence surrounding rs17259126 (figure 3). We found an average enrichment of 4.23
and 2.29 for the sequences, respectively, when compared to an unbound control site. Our
functional studies provide converging evidence that the sequence underlying rs17259126 is
an HNF4A binding site and that the G minor allele significantly inhibits this interaction in
vitro.

Cis-expression quantitative trait locus (cis-eQTL) analysis

GWAS variants residing in regulatory elements such as TFBS can lead to gene expression
changes and contribute to disease susceptibility. We investigated whether the lead GWAS
SNP may affect expression of the regional genes in the ~300-kb region defining the TG-
associated window on chromosome 18q11.2 (LD r2>0.5 with the lead SNP)°. We performed
a c/s-eQTL analysis for the 5 genes within this TG-associated LD block using adipose RNA-
seq samples (n=795) from the METSIM cohort and discovered that the lead SNP rs9949617
(i.e. the SNP with the strongest TG association signal?) and its LD proxies are a cis-eQTL,
regulating the expression of one regional gene, the transmembrane protein 241 ( TMEMZ241)
(p=6.11x10797-5.80x10704) (table 1). These results pass the Bonferroni correction for the 50
performed tests (10 SNPs tested for 5 regional genes; p<0.001) (table 1), and the 10 TG-
associated SNPs did not regulate expression of any of the 4 other genes within the LD block
(Bonferroni corrected p>0.05).

To validate and replicate these regional ¢is-eQTL results, we utilized expression data from
856 publicly available human adipose, skin, and lymphocyte RNA microarray samples from
the MUuTHER resource®, and similarly discovered that the lead SNP rs9949617 is a cis-eQTL
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(suppl figure 111), regulating the expression of TMEMZ241 (p<1x10~° across all three tissues,
beta=-0.107 for adipose). These replication data are consistent, including the direction of the
effect, with our ¢is-eQTL signal in Finns and our luciferase assays in which the minor G
allele results in a decreased expression (table 1 and figure 1). We also found comparable cis-
eQTL results for the lead SNP rs9949617 in the HapMap3 data sets for the CEU (p=0.0010),
CHB (p=0.0019), and JPT (p=6.0x10"4) samples in lymphoblastoid cells. Although there
was a trend towards significance, this relationship did not hold for the MEX HapMap sample
(p=0.20), perhaps due to the low number of Mexican-American samples (n=45) included in
the HapMap project. These results implicate TMEMZ41 as a likely regional gene underlying
the GWAS association because the lead SNP and/or its LD proxies robustly regulate
TMEMZ241 expression through multiple cohorts. Taken together these data suggest that
rs17259126 is at least one of the functional SNPs underlying the original TG GWAS signal®
on chromosome 18¢11.2 in Amerindian origin populations.

Discussion

We recently identified a locus on chromosome 18g11.2 associated with high serum TGs in
Mexicans using GWAS®. However, GWAS typically do not conclusively identify a
functional regulatory variant and candidate gene, rather they require statistical and
biochemical follow-up studies® 19, We used statistical fine mapping to first identify variants
in the TG-associated LD block. Since all variants represent 3’UTR or non-coding variants,
we annotated their biological function using available regulatory datasets and bioinformatic
tools, and subsequently validated our recorded annotations using appropriate molecular
assays.

Our LD analyses, uncovered 9 variants in LD with the lead GWAS SNP rs9949617.
Functional annotations using HaploReg!! found that rs17259126 is predicted to disrupt an
HNF4A binding site, the minor G allele exhibiting a lower enrichment score. Furthermore,
the ENCODE TF ChIP-seq data in HepG2 showed evidence of HNF4A enrichment around
rs17259126. These findings prompted us to nominate rs17259126 as the lead candidate for
molecular validation. We performed HNF4A ChIPgPCR targeting the SNP region, and
confirmed that HNF4A indeed binds the SNP site. HNF4A is a well-known, central
regulator of hepatocyte development, differentiation, and gene expression!? 7 associated
with type 2 diabetes (T2D), consistent with the TG association. In line with our
bioinformatics prediction, we also show that the G allele of rs17259126 reduces
transcription of the luciferase reporter and significantly inhibits HNF4A binding in mobility
shift assays. It is worth noting that Amerindian origin populations have >3-fold higher
frequency of the minor allele G of rs17259126 when compared to Europeans (MAFs for
AMR=0.22, EUR=0.06, AFR=0.08, and ASN=0.20, respectively).

To identify the regional gene, we performed cis-eQTL analyses using expression data from
multiple cohorts, tissues, and platforms. We provide replicated evidence that the minor G
allele of rs17259126 and its LD proxies are a robust ¢is-eQTL decreasing expression of the
regional TMEMZ241 gene across many cohorts. Our results suggest that HNF4A binds the A
allele of rs17259126 site and increases expression of the TMEMZ241 gene, one of the five
regional genes in the LD block. We hypothesize that individuals with the G allele have
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decreased TMEMZ241 expression which affects the normal TG synthesis and/or secretory
pathways through an unknown mechanism.

The TMEMZ241 gene is a yeast VRG4 homolog, a Golgi-localized GDP-mannose
transporter. Yeast VRG4 is pleiotropically required for a range of Golgi functions, including
N-linked glycosylation, secretion, protein sorting, and the maintenance of a normal
endomembrane system!3: 14, In the mammalian Golgi, carbohydrate processing is a highly
diverse process. Carbohydrate chains may contain galactose, sialic acid, fucose, xylose, N-
acetylglucosamine, and A-acetylgalactosamine unlike in the yeast S. cerevisiae, where
glycosylation is restricted to mannosylation. Thus, human 7TMEMZ241 may function in the
transport of other nucleotide sugars required in mammalian systems. In addition to
glycoproteins, sphingolipids are also modified in the Golgi and have been implicated in
metabolic diseasel®. TMEMZ241 is believed to function as a nucleotide sugar transporter, and
when defective, may lead to underglycosylation of glycoproteins and sphingolipids,
potentially resulting in dysregulation of TG synthesis.

Together, our results provide converging evidence suggesting rs17259126 as one of the
functional variants underlying the GWAS association signal on 18q11.2°, and TMEMZ241 as
the underlying gene for TGs in Amerindian origin populations. However, because not all
individuals of Mexican ancestry share the same composition of Amerindian DNA, additional
cohorts may or may not replicate this particular association.

Future studies focusing on characterizing the role of TMEMZ241 in TG metabolism could
include CRISPR/Cas916, an emerging technology for targeted genomic modification. This
technology allows a site-specific genetic engineering in disease relevant cell lines to
interrogate the function of specific genes and single nucleotide variants in their native
chromatin state. Elucidation of the role of TMEMZ241 in TG metabolism may help guide
future research and development of new therapies for effective TG management and
prevention of heart disease in the rapidly growing Hispanic populations, currently
underinvestigated in genomic cardiovascular studies despite their high predisposition to
dyslipidemias.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. The TG locus on chromosome 18q11.2 harbors at least one functional
variant, rs17259126, associated with a decreased expression of the
regional 7TMEMZ241 gene, a novel gene for TGs in the Hispanic
population.
. HNF4A may regulate the expression of the TMEM241 gene by directly

binding the rs17259126 regulatory site.

. Our findings suggest that decreased transcript levels of TMEM241
contribute to increased TG levels in Mexicans.
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Luciferase expression of rs17259126 alleles in HepG2 cells. The reference allele A exhibits
a 1.5-fold increased reporter expression (p= 2.97x10~4) when compared to the minor allele
G. Luciferase assays were read at 48 hrs post transfection. Statistical analysis was performed
using the t test function in R. The Y axis represents the percent change in reporter
expression relative to the empty pGL4.23[luc2/ minP] vector. Error bars indicate the
standard errors (SE) for the means of three independent biological replicates each done in
triplicate.
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Figure 2.
As predicted by motif analysis (see suppl figure 1), EMSA assays revealed that HNF4A

recombinant protein directly interacts and displays a higher affinity for the reference A allele
of the TMEM241 eQTL SNP rs17259126 (figure 2A) although no super shift was obtained
when using HepG2 nuclear extract and anti-HNF4A (figure 2B). a) HNF4A isolate. b)
HepG2 hepatoma nuclear extract. HNF4A (HNF4A isolated protein), unlabeled probe (UP),
labeled probe (LP), nuclear extract (NE), and anti-HNF4A (anti-HNF4A).
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Figure 3.
ChIP DNA analyzed by real-time PCR showed that HNF4A binds the TMEM241 eQTL

SNP rs17259126 site in hepatoma cells. The Y axis represents the enrichment of HNF4A at
the rs17259126 site relative to an unbound control site. Error bars represent the standard
error for the means of three experimental replicates each done in triplicate. The region
surrounding rs17259126 was targeted using two different pairs of oligos, indicated as
rs17259126 1 and rs17259126_2. The sequences of the oligos are given in suppl table I.
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